16q-ADCA (OMIM no. 117210) is an autosomal dominant spinocerebellar ataxia (AD-SCA) characterized by late-onset pure cerebellar ataxia and À16C4T substitution of the puratrophin-1 gene. Recently, a series of single-nucleotide polymorphisms (haplotype block) were found to be specific to 16q-ADCA. We screened patients with ataxia and found 62 patients, including four homozygotes who carry the C-T substitution of the puratrophin-1 gene. By further analysis of the patients with the haplotype block, we observed a single-founder effect for 16q-ADCA, even in patients who are supposed to be sporadic late cortical cerebellar atrophy (LCCA). We also observed slippage mutations of microsatellite markers, GATA01 and 17msm, in the pedigrees. We compared the clinical course of 16q-ADCA in heterozygotes and homozygotes with the haplotype block and observed no apparent gene dosage effect. 16q-ADCA accounts for 27% of AD-SCAs and is the most frequent AD-SCA in South Kyushu, Japan.
INTRODUCTION
Autosomal dominant cerebellar ataxias (ADCAs) are clinically classified into three subtypes, and ADCA type III was defined as pure cerebellar ataxia with late onset. 1 Until date, 16 genes and 10 additional loci are reported to cause ADCAs. 2, 3 SCA4 belongs to ADCA type I, characterized by cerebellar ataxia with sensory axonal neuropathy. 4 Its locus was originally mapped to 16q22.1 in a family from Utah and was confirmed in SCA4 families from Germany. 4, 5 The 16q-ADCA from six Japanese families was mapped to the same region as SCA4; 6 however, it was categorized as ADCA type III on the basis of clinical features. [6] [7] [8] A single-nucleotide substitution (À16C4T) in the 5¢-untranslated region of the puratrophin-1 gene is strongly associated with 16q-ADCA. 9 However, three patients from families having 16q-ADCA (À16C4T) did not have the substitution. [10] [11] [12] Haplotype analysis suggested that the mutation was in a region centromeric to the À16C4T substitution. [10] [11] [12] We had reported that this disease locus was telomeric to the puratrophin-1 gene. 8 To clarify the disease locus in these patients, we reexamined the disease haplotype using microsatellite markers and a series of single-nucleotide polymorphisms (SNPs) specific to 16q-ADCA. Moreover, we reported the clinical features of 49 patients, including four homozygous patients, and described the frequency of 16q-ADCA in South Kyushu, Japan.
MATERIALS AND METHODS
We studied 147 patients with a family history of ataxia and 331 patients with sporadic ataxias, referred to our department (Department of Neurology and Geriatrics, Kagoshima University Graduate School of Medical and Dental Sciences) from South Kyushu (Kagoshima, Miyazaki and Oita) and Okinawa Island during the past decade until January 2008. All patients were referred by their primary physicians or neurologists and signed informed consents were obtained from the patients. The study was approved by the Institutional Review Board of Kagoshima University. Genomic DNA was extracted from peripheral blood leukocytes. We screened for the expansion of triplet repeats associated with SCAs (SCA1, -2, -3, -6, -7, -8, SCA12, -17 and DRPLA) by standard PCR methods and GeneScan analysis software using an ABI Prism 377 DNA sequencer (Foster City, CA, USA) as described earlier. 8 We used PCR-direct sequencing or PCR-restriction fragment length polymorphism to examine the C-T substitution of puratrophin-1 and the Gerstmann-Sträussler-Scheinker syndrome (GSS) mutation. 9, 13 For patients who had a C-T substitution of the puratrophin-1 gene, PCR product sizes of the microsatellite markers, GATA01 and 17msm, were determined using the ABI Prism 377 Genetic Analyzer, (Foster City, CA, USA). 8 Using PCR-direct sequencing, we typed SNP02, -04, -05 and -06, which are highly specific to the diseased chromosome. 12 The SCA5, SCA10, SCA14 and FGF mutations were not analyzed in this study. Expert neurologists provided information on the clinical features of the 16q-ADCA patients. The Kaplan-Meier method was used to draw the curve of clinical severity for puratrophin-1 alteration of 43 heterozygotes and four homozygotes, with the end point being wheelchair bound. The log-rank test was used for comparison between the two groups because of the small number of homozygotes. Patient data were statistically processed using StatView version 5.0.
RESULTS
Of the 478 patients, 62 carried the puratrophin-1 C-T substitution. Of the 62 affected individuals, 43 patients were from 17 families with an autosomal dominant inheritance. Eleven patients were from seven families who had no proof of autosomal dominant inheritance, but their siblings had similar neurological symptoms. Eight patients had either sporadic ataxias or unclear family histories. We examined all the patients with puratrophin-1 alteration to determine whether they had a haplotype block (SNP05 and SNP06, highly specific to the 16q-ADCA allele), but neither of the SNPs was identified in 200 control chromosomes. 12 All patients had changes in SNP05 (G-A) and SNP06 (A-G), whereas none of the 96 controls had the haplotype block ( Table 1) .
The average age of onset of ataxia for the 49 patients with the C-T change was 59 years (range, 43-80 years), and the oldest asymptomatic carrier (K01 pedigree) was 80 years old ( Table 2) .
The initial symptoms of ADCA are gait ataxia or dysarthria. On neurological examination, all individuals were affected with truncal and limb ataxia. Although deep-tendon reflexes were generally increased, spasticities or pathological reflexes were rare. Hearing impairment and dementia were poorly represented in our cohort. Brain magnetic resonance imaging revealed that 97% of the affected individuals had cerebellar atrophy, especially in the vermis.
We compared the clinical features between the four homozygous and 45 heterozygous patients. One homozygous patient had a clear family history, and both his parents, who were maternal/paternal cousins of each other, had medical histories of ataxia. Three siblings homozygous for the substitution were found by our genetic analysis. The mother of these patients reported a history of ataxia, but their father did not have ataxic symptoms and died of old age at 82 years. Similar to the heterozygous patients, the mean age of the four 
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homozygous patients at the time of onset was 59.3 years (range, 50-63 years). However, within each family, the disease onset of the homozygotes tended to be earlier than that of the heterozygotes. The duration of the period until being wheelchair bound was determined for four homozygotes and 43 heterozygotes by the Kaplan-Meier method. There was no clinical difference between the two groups (P¼0.9689) (Figure 1) .
The results of the family-based study in 116 families diagnosed by gene tests for all patients revealed that 16q-ADCA (27%) was the most prevalent ADCA in South Kyushu and Okinawa, followed by SCA6 (21%), MJD/SCA3 (15%), DRPLA (9%) and GSS (9%). The results of the patient-based study also revealed that 16q-ADCA was the most prevalent ADCA. The 16q-ADCA accounted for 65% of the ADCAs in Miyazaki Prefecture and was the most frequent ADCA in Kagoshima Prefecture (Figure 2) . Characteristically, GSS accounted for 17.5% of ADCAs in Kagoshima Prefecture. In Oita Prefecture, SCA6 was the most frequent ADCA, followed by 16q-ADCA. DRPLA and SCA2 consisted mostly of ADCAs, and 16q-ADCA was not found in Okinawa Prefecture.
DISCUSSION
The 16q-ADCA has been mapped to 16q22.1. [6] [7] [8] It has been reported that the À16C4T substitution of the puratrophin-1 gene makes it possible to genetically diagnose 16q-ADCA. 9 16q-ADCA families have been reported from various parts of Japan after the discovery of puratrophin-1 alteration, and it is one of the most common ataxic diseases in Japan. 10, 11, [14] [15] [16] [17] Although the pathogenicity of the À16C4T substitution is controversial because of the discovery of two patients from families having 16q-ADCA, who did not have the À16C4T substitution, 10, 11 it remains useful for the screening of 16q-ADCA in Japanese patients, as the À16C4T substitution has never been seen in Japanese controls thus far. 12 We found 32 pedigrees within 62 affected individuals who carried the À16C4T substitution of puratrophin-1. Nineteen patients were believed to be recessive for SCA or sporadic LCCA, but we revealed that all 19 had the haplotype block (SNP05-SNP06-À16C4T substitution of puratrophin-1), which is highly specific to 16q-ADCA. This indicates that all of our 16q-ADCA patients originated from a single founder. Therefore, these sporadic patients are not de novo in origin, but their diagnoses might be because of limited ancestral information. 16q-ADCA patients diagnosed by the puratrophin-1 alteration among sporadic LCCA have also been reported in earlier studies. [14] [15] [16] We agree with their proposal that screening for the À16C4T substitution of puratrophin-1 should be considered for SCA diagnosis, even in cases believed to be sporadic LCCA. 14, 16 Earlier, we excluded a region centromeric to 17msm as critical for 16q-ADCA, because, compared with other pedigrees, patients with the K01 pedigree have a differently sized marker at GATA01 and 17msm on both sides of the À16C4T substitution. 8 Nevertheless, the K01 pedigree has the haplotype block specific to 16q-ADCA. The disease haplotype of pedigree K01 is A-G-162-T-189 at SNP05-SNP06-GATA01-puratrophin-1-17msm. Conversely, most pedigrees have the haplotype, A-G-158-T-191. If the human genome sequence is correct in this critical region, the difference in microsatellite marker size is interpretable as being either multiple recombinations among SNP06, GATA01, puratrophin-1 and 17msm, or a slippage mutation of the microsatellite markers; however, multiple recombinations are less likely to be based on the limited distance (approximately 0.75 Mb) from SNP06 to 17msm. As there is only a single-repeat unit difference between GATA01 and 17msm, a slippage mutation might have occurred. Microsatellite slippage mutations in GATA01, D16S397 and GGAA10 were also reported in 16q-ADCA families. 12 When the point mutation rate was 10 À8 per nucleotide per generation, the slippage mutation rates ranged from 10 À7 to 10 À2 . 18 It might be better to use SNPs for 16q-ADCA mapping rather than microsatellite markers, as there are three disease-specific SNPs, which suggests a greater occurrence of slippage mutations around the SNPs. On the basis of haplotype analysis with these SNPs, we reassign SNP04 to its centromeric border and the puratrophin-1 alteration to its telomeric border. The chromosomal position should be from 64 982 677 to 65 871 433 on chromosome 16 of the human genome sequence (NCBI Build 36.1) (Figure 3 ).
In agreement with other studies, the clinical features of our 16q-ADCA patients were late-onset pure cerebellar ataxia and brisk deep-tendon reflex. 11, [14] [15] [16] [17] We found that hearing impairment, 16q-ADCA in South Kyushu, Japandementia and leukoaraiosis varied on the basis of patient location, suggesting that environmental factors or genetic backgrounds other than puratrophin-1 mutations are responsible for 16q-ADCA symptoms.
In an earlier study, four patients from one pedigree showed homozygosity for the puratrophin-1 C-T substitution, and their mean age at onset was earlier than that of heterozygotes within the same pedigree. 14 In this study, we found four homozygotes from two pedigrees and compared their phenotypic severity with that of heterozygotes over several years. We did not find differences between homozygotes and heterozygotes with regard to age at onset or phenotypic severity. The four homozygotes had the A-G-T haplotype at SNP05-SNP06-puratrophin-1, indicating homozygosity for the 16q-ADCA mutation. The gene dosage effect for AD-SCAs varies by gene. If the mechanism of 16q-ADCA is haploinsufficiency caused by the total or partial loss of function of a single allele, then a homozygote should show a severe phenotype. As we found no homozygotic patients with severe phenotypes, this suggests an alternative mechanism. Homozygotes with triplet-repeat expansions of SCA2, SCA3 or SCA6 showed modified or severe phenotypes. [19] [20] [21] [22] [23] [24] Conversely, homozygotes of SCA3, SCA6, SCA8 and SCA12 did not have severe clinical phenotypes compared with heterozygotes. 19, [25] [26] [27] [28] On the basis of our results, there does not seem to be a strong gene dosage effect in 16q-ADCA. As some homozygotes with SCAs caused by gain-of-function mutations did not always show as severe a phenotype as the heterozygote, it is reasonable to suggest that 16q-ADCA operates through a gain-of-function mechanism.
The 16q-ADCA prevalence in Miyazaki and Kagoshima districts was higher than the average prevalence in Japan. The GSS syndrome (Prion protein (PRNP) Pro102Leu mutation) accounted for 18% of the AD-SCAs in Kagoshima Prefecture. Although the inclusion of GSS as an AD-SCA might be controversial, we included it on the basis of prominent cerebellar ataxia that has led physicians to recognize it as an ADCA. This epidemiological study should help neurologists gain an understanding of the frequency of ADCAs in the district. the 40.0% Figure 2 Relative frequency of ADCAs in the prefectures of South Kyushu, Japan. For Kagoshima, patients were referred from the whole area of Kagoshima, hence the cohort represents Kagoshima Prefecture. On the other hand, the data for Miyazaki, Oita and Okinawa prefectures were collected from a limited number of hospitals; therefore, these data may not represent the exact frequency of the disease in each prefecture.
16q-ADCA in South Kyushu, Japan R Hirano et al
Chromosome 16
66,000,000 65,500,000 65,000,000 16q22
Chromosomal region 
